Background: A brain atrophy and lesion index (BALI) based on high-field magnetic resonance imaging (MRI) has recently been validated to evaluate structural changes in the aging brain. The present study investigated the two-year progression of brain structural deficits in people with Alzheimer's disease (AD) and mild cognitive impairment (MCI), and in healthy control older adults (HC) using the BALI rating. 1 Data used in preparation of this article were obtained from the Alzheimer's Disease Neuroimaging Initiative (ADNI) database (www.loni.ucla.edu/ADNI). As such, the investigators within the ADNI contributed to the design and implementation of ADNI and/or provided data but did not participate in analysis or writing of this report. ADNI is the result of efforts of many co-investigators from a broad range of academic institutions and private corporations. The Principal Investigator is Michael W. Weiner, MD, VA Medical Center and University of California -San Francisco. ADNI investigators include complete listing available at http://www.loni.ucla.edu/ research/active-investigators.
INTRODUCTION
Brain structural changes in older adults are commonly revealed on magnetic resonance imaging (MRI) [1] and such changes in otherwise healthy individuals commonly are related to reduced information processing speed and decreased executive capability [2] . Compared with age-associated changes in healthy individuals, brain structural changes in Alzheimer's disease (AD) can involve more profound gray matter atrophy and white matter deficits [3, 4] . These are often concordant with ␤-amyloid accumulation and/or chronic ischemia and small vessel disease, and are related to worse intellectual function [4, 5] . Reflecting how often more than one pathological disease process is commonly present in older adults, many brain structural changes do not present in isolation, but commonly are associated with each other [6] [7] [8] .
The importance of considering all types of brain deficits in combination so as to better understand disease expression is increasingly recognized. This requires evaluation of structural changes of the whole brain and their cumulative effect. Even so, the overall impact of multiple brain structural changes on cognition in aging and in AD remains poorly understood, and in this context the evaluation of longitudinal change is paramount. Previous studies have attempted to quantify presumed pathological changes in several localized regions [9] and many have used visual rating scales [3, [10] [11] [12] based on T2-weighted imaging or proton density imaging that are sensitive to white matter lesions. More recently, high-field strength MRI (i.e., 3T and higher), using high-resolution T1-weighted imaging has also allowed for visualization of brain abnormities in greater detail [13, 14] . To capture the range of relevant structural changes, a semi-quantitative brain atrophy and lesion index (BALI) based on high-field MRI has been developed [15] . The BALI approach adapts existing visual rating scales and summarizes various common types of brain structural changes in the aging brain in both supratentorial and infratentorial regions [15] . To date, BALI ratings have been validated using several independent datasets and been found to be useful in describing global structural variability [15] . Even so, it is not yet understood whether this tool can be used to evaluate the progression of brain structural changes and their relation to cognitive decline, a topic of considerable clinical and research interest [16] [17] [18] .
The objectives of the present study were to investigate the progression of brain structural changes using BALI in people with AD, people with mild cognitive impairment (MCI), and a matched group of otherwise healthy control subjects (HC), and; to examine the relationship between BALI change and cognitive change. To accomplish these objectives, anatomical imaging data from the Alzheimer's Disease Neuroimaging Initiative were evaluated. A BALI score was constructed for each subject based on T1-weighted MRI at baseline and at 24-months follow-up.
SUBJECTS AND METHODS

Subjects
Data used for the present analysis were obtained from the Alzheimer's Disease Neuroimaging Initiative (ADNI) [19] . The ADNI was launched in 2003 by public organizations, private pharmaceutical companies, and non-profit organizations. The primary goal of ADNI has been to test serial neuroimaging and other biological markers in the progression of MCI and early AD in order to aid in more effective treatments [19] . Subjects have been recruited non-randomly from over 50 sites across the U.S.A. and Canada, with a goal of recruiting 800 adults, including 200 cognitively normal older individuals, 400 people with MCI, and 200 people with early AD and to follow them for 2-3 years [19] [20] [21] .
Before making them available for public access, all study scans were checked for quality control, so that subjects with structural abnormalities and/or having an image with common scan artifacts were not included in the dataset. The present analysis is restricted to all the data from subjects who had 3T MRI (about 20% of the total sample) at both baseline and two-year follow-up (AD = 39; MCI = 82; HC = 58 from 30 sites at baseline). At the 24-months follow-up, 13 AD, 29 MCI, and 12 HC subjects had dropped out, were lost to follow-up, or had poor quality images. The high resolution (1.2 mm thickness) 3D T1WI using a MP-RAGE sequence were evaluated to generate BALI scores [20] . The quality of all images downloaded from ADNI website was satisfactory and therefore no further selection criteria were imposed for the present analyses.
Imaging evaluation and scoring
Aging-associated changes in the BALI include ratings of the severity of hypointensities in the infratentorial (IT), deep white matter (DWM), periventricular (PV) and basal ganglia (BG) ( Table 1 ). Ratings were also used to reflect gray matter lesions and the extent of dilatation of small vessels (i.e., small and wellmargined symmetric hypointensities; GM-SV) and global atrophy (GA). An "other lesions" category was included to allow for ratings of neoplasm, trauma, and deformity. The grading scheme followed the BALI construction [15] to adapt existing rating scores that address localized structural changes [3, 10-12] (Table 1) . Specifically, a scale was assigned for each category based on the severity of deficits, with higher scores indicating greater severity ( Fig. 1 ). To the existing DWM rating, scores of "4" and "5" were added, to describe large confluent WM areas involving all cerebral lobes and complete confluent lesions. Similarly, two more levels (i.e., 4 and 5) were included to evaluate progression of global atrophy, where "4" indicated most severe atrophy present, especially in the medial temporal lobes, and "5" indicated the most severe atrophy present in the medial temporal and cerebral cortex ( Table 1) . At each time point, the scans were reviewed separately and the total BALI scores were calculated by summarizing the ratings of all seven categories. Ratings were completed independently by two trained radiologists. Baseline and follow-up images were rated in random order, with the raters blind to demographic data, diagnosis, scan time, and cognitive test results. Inter-rater correlation coefficients (ICC) for BALI total scores were evaluated on a randomly selected sample of 20% of subjects in each diagnostic group at both baseline and follow-up.
Clinical tests
Clinical tests and ratings of cognitive functioning at both baseline and follow-up were obtained from the ADNI clinical dataset. These included the Clinical Dementia Rating scale (CDR) and scores on the Mini-Mental State Examination (MMSE) and the Alzheimer's Disease Assessment Scale -cognitive subscale (ADAS-cog). The ADNI protocol required two initial visits. The first was a screening visit (at which time MMSE and CDR testing were performed), followed by a baseline visit (at which time the ADAScog and other clinical tests were performed). The 3T MRI scans were to be performed within 42 days after the screening visit and within 14 days of the baseline visit. The follow-up scans were designed to be completed within 14 days of the 24 months follow-up visit (at which time clinical tests including the ADAS-cog, MMSE, and CDR were performed) [21] . For this study sample, the baseline MMSE and CDR were completed on average 40.2 ± 19.2 days ahead of the 3T MRI scans, while the ADAS-cog was completed 5.6 ± 10.7 days ahead of the MRIs. Follow-up cognitive testing was conducted on average 2.6 ± 10.3 days ahead of the MRI scans.
Diagnostic categorization of the subjects and classification of conversion between diagnostic groups were both made by the ADNI site physicians in accordance with the criteria of the National Institute of Neurologic and Communicative Disorders and Stroke/Alzheimer's Disease and Related Disorders Association (NINCDS/ADRDA), and were reviewed by ADNI clinical monitors [21] . Analyses involving follow-up data have taken into account information about disease conversion for diagnostic categorization.
Statistical analyses
Demographic characteristics across diagnostic group were examined using Kruskal-Wallis nonparametric tests for interval data and Chi-Square tests for ordinal data. A general linear model of repeated measures with unbalanced design was used to test the differences in the BALI total score and the cognitive testing scores, with time as within-subject factor and diagnostic-categorization as the between subject factor. All multivariate analyses were adjusted for age, sex, and education level. The main effects of time and diagnosis and their interactions were tested. Relationships between BALI scores at baseline and at follow-up were tested using correlation analyses. The effect of the BALI on cognitive testing scales was evaluated using multivariate linear regression analysis, adjusted for age, sex, education level. Similarly, multivariate linear regression analysis was used to examine the association between the change scores (i. e., followup -baseline) of the BALI and the cognitive tests. All analyses were performed using SPSS © 15.0 software package and codes developed using Matlab © R2007. Significance level was set at p < 0.05.
RESULTS
In general, demographic characteristics were similar across diagnostic groups. Subjects with MCI were more likely to be men (p = 0.002; Table 2 ), otherwise there were no statistical differences in age (p = 0.37) or in education (p = 0.84), although subjects in the MCI group appeared to be slightly younger, especially the non-converters ( people with 3T scans, none of the AD patients were re-classified as having MCI; likewise, only one of the healthy controls progressed to a diagnosis of MCI. Within the MCI group, most (31/53) had progressed to a diagnosis of AD by follow-up ( Table 2 ). The overall inter-rater agreement rate for BALI ratings was high (ICC = 90.8%). Brain structural deficits were common in all groups ( Table 2 ) and on average increased (showed worsening) in each diagnostic group. This worsening of scores over time, with significant differences between diagnostic groups persisted when the analyses were adjusted for age, sex, and education (F time = 49.1, p < 0.001; F diagnosis = 3.62, p = 0.030) but without a significant time-diagnosis interaction. Note that whereas subjects with AD and MCI-AD converters showed the highest BALI values, the mean difference in BALI between the nonconverters and health controls was not statistically significant (p > 0.05). Overall, the MCI-AD converter group showed a greater increase in the BALI (i.e., more brain structural deficits) than did MCI non-converters. The BALI scores at baseline and follow-up were highly correlated (r 2 = 0.78, p < 0.01), although a few MCI non-converters and HC subjects showed a decrease in BALI over the two-year period. The maximum BALI score at baseline was 16 (0.64 of the total score) and 18 (0.72) at follow-up, showing no ceiling effect, despite average disease progression.
Given mean worsening in both structure (BALI scores) and function (MMSE, ADAS-Cog) the relationship between the two is of interest. The BALI score was significantly related both to MMSE at baseline (regression coefficient B = −0.310; t = −2.71; p = 0.008) and at follow-up (B = −0.725; t = −3.5; p = 0.001) and to ADAS-cog at baseline (B = 0.612; t = 2.521; p = 0.013) and at follow-up (B = 1.26; t = 3.02; p = 0.003), in a multivariable linear regression adjusted for age, sex and education. The change in BALI between baseline and follow-up was also associated with the change in MMSE (i.e., MMSE; B = −0.226; t = −2.176; p = 0.031). By contrast, change in the BALI was not significantly associated with the change in the ADAS-cog (p = 0.25). Of the 30 MCI subjects who showed a worsening in MMSE (i.e., MMSE (follow-up-baseline) < 0), 25 (83%) also showed a worsening in BALI (i.e., BALI follow-up−baseline > 0); the BALI scores of the remaining 5 people did not change. Similarly, of the 23 MCI people who showed a stable or improved MMSE, 15 (66%) had a stable or improved BALI (X 2 = 14.2, p = 0.007).
DISCUSSION
In this secondary analysis of 3T MRI data, several common types of brain structural changes in AD, MCI and healthy controls could be quantified in a Brain Atrophy and Lesion Index (BALI) score, to evaluate overall brain deficits and their relationship to cognitive function. Over two years, people in each diagnostic group, on average, experienced increasing atrophy and more structural brain lesions. Cognitive test scores worsened in the AD group, and in most people with MCI, but were relatively stable in healthy controls and in a minority with MCI. In AD and in the people with MCI who by two years had progressed to AD, structural brain changes as indicated by the BALI score, and brain function as measured by the MMSE deteriorated in parallel. The accumulation of brain structural deficits in association with cognitive decline corresponds to lessons from large prospective neuropathological studies [6, 7] and supports the use of BALI to quantify whole brain changes in AD, MCI and normal aging [15] .
It is of clear clinical and public health significance to understand the relationships between structural brain changes and changes in cognitive functioning as they occur in the development of AD, recognizing that AD involves multiple brain changes, including atrophy, white matter lesions, and vascular changes [8, 22] . Methods of collectively studying the cumulative impact of these many structural deficits have been sought [6, 7] and BALI ratings appear to fill this need. In particular, the BALI rating is easily accessible because it can be based on T1-weighted high-resolution imaging, the most routinely acquired sequence in MRI investigations. While many studies seek to establish the relationship between specific cognitive abilities and specific types of brain deficits, most cognitive tasks require the integrated functioning of a variety of neural networks. BALI ratings can serve to describe global structural status in a manner that allows for global cognitive dysfunction to be related to the accumulation of brain structural deficits.
Here, people with AD and those with MCI who progressed to AD showed both cognitive and structural decline. The BALI allows us to demonstrate the association between brain structural changes and cognitive decline using a cumulative index. Similar findings have been reported in earlier studies that were typically based on individual structural measures [18] . For example, recent serial MRI studies have suggested hippocampal atrophy or ventricular enlargement is predic-tive of cognitive decline and/or AD conversion [9, 16, 17, 23] . The rate of change of white matter damage has also been used to predict cognitive decline [18, 27] . It is also worth noting that while most people in the study sample had stable or greater brain deficits over two years, a small number of stable MCI and HC subjects did have a decreased BALI. Whereas, most people with brain structural worsening also had cognitive worsening, some did show improved cognitive test scores, possibly in keeping with the concept of cognitive reserve [28] . Importantly however, of those who converted to AD, none showed an improvement in BALI.
Our data must be interpreted with caution. Rating scales have inherently low precision with respect to volumetric measurements. For example, voxel/ volume-base morphography can often reveal quantitative atrophy changes of about 1% per year [9] , whereas with BALI a minimum increment of any domain including atrophy is one point. In other words, assigning a precise value using a rating scale may not be as easy as visualizing an apparent deficit. Even so, in practice, valid visual rating scales are particularly beneficial and welcome in clinical settings when evaluation time is a concern [29]. The scoring system utilized in this study has been adapted from existing rating scales and been validated by previous research [15] . Furthermore, the relatively high inter-rater reliability suggests that the BALI ratings can be consistently performed by different raters with training of the method.
To now construction of the BALI has not considered the assignment of relative weights to different BALI components, even though these clearly can affect cognition differently (e.g. medial temporal atrophy [30] ). The algorithms for determining appropriate weights for BALI components are yet to be established. There may in fact be inherent benefit to a scale without weights, as weights for individual BALI items may vary across datasets, targeted outcome measures, follow-up durations, and study focus. In short, while weighting might improve prediction in a given dataset, it can impair generalizability. This needs to be evaluated.
Several other caveats also apply to our study; among these the fact that cognitive evaluations were limited to the MMSE, ADAS-cog, and CDR. Both MMSE and ADAS-cog can have ceiling effects with HC and MCI subjects that make sensitivity to change an issue for longitudinal studies. The number of people in whom the CDR increased (indicating worsening cognition and function) and/or converted to AD over two years was also relatively low, further limiting the sensitivity to detect the association between cognitive decline and brain deficit progression. Here, in the subjects limited to those with 3T data, only one healthy control progressed to MCI or AD. In addition, while the time difference between MRI scans and the cognitive assessments were within a few days for all of the follow-up tests and for the baseline ADAS-cog, baseline MMSE and CDR were completed approximately 40 days in advance of the baseline imaging acquisition. Clearly it would have been preferable to have baseline clinical testing that was closer in time to the initial MRI scan. Lastly, we lack the knowledge of treatment effects in the AD and MCI groups, and therefore cannot identify whether any improvement in cognition and/or brain structure was related to treatment. Despite these limitations, the overall brain deficits as measured by BALI were related to the global cognitive assessment scales used in this study, at both baseline and follow-up. In the future, large-scale serial MRI research involving multiple follow-ups over longer terms and more detailed clinical assessments would be particularly valuable. Better understanding the relationships between structural and functional changes can help improve clinical management and preclinical strategies for AD [31] .
In summary, the present study suggests that significant brain changes and cognitive changes can occur within two years in people with MCI and AD and in otherwise healthy elderly people. The BALI provides a readily available means to evaluate brain structural changes and their relation to cognitive decline as well as conversion to AD from MCI.
